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Adsorption of hydrogen in slit-like pores of carbon adsorbents and on fullerene molecules was 
investigated using the classical density functional theory. Hydrogen adsorption in a gap between two 
graphene walls was calculated at different temperatures and pressures. The obtained results agree with 
the data found using the Dubinin theory of the volume pore filling and with the available molecular 
dynamics results. It has been shown that conventional carbon adsorbents corresponding to the slit-like 
model and fullerene materials should have approximately equal storage capacities. However, such a 
capacity is sufficient for practical storage and use of hydrogen at low temperatures only (at about 20 K), 
and at room temperatures some special active sites of adsorption should be used to solve the problem 
under consideration.  
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Hydrogen adsorbed layers in conventional porous 
carbon materials, and on fullerene molecules and in 
fullerene materials are of the great interest in view of 
further development of the hydrogen energetics. From 
ecological point of view, it may be treated as a very 
clear way of the production and consumption of energy. 
Being the most abundant element on the Earth, 
hydrogen seems to be most promising fuel having the 
lowest molecular weight and the highest combustion 
temperature. A secondary, but an important problem is 
its storage. and according to estimations [1], 3.1 kg of 
the molecular hydrogen is sufficient for the 500 km car 
mileage. The existing methods of the hydrogen 
concentration [1], including the liquefaction, storing at 
high pressures, using hydrides of metals and alloys, 
can not solve the problem completely. The compressed 
gas really may be treated as one of main alternatives to 
liquid and liquefied fuels, but it requires unacceptably 
high storage pressures. 
At same time, a number of results [2-7] indicate 
that physical adsorption may be regarded as a 
promising method of the hydrogen storage. In recent 
years, hopes to increase the adsorption of hydrogen 
were associated with using single-walled carbon 
nanotubes (SWNTs) [1], carbon nanofibers, and 
fullerenes [4, 7]. Molecular modeling of the hydrogen 
adsorption by the Monte Carlo on SWNTs stacked 
bunches with different spacings between tubes (at 77 
and 293 K and pressures up to 20 MPa) also 
demonstrates the high adsorption activity of such 
structures [5, 6]. However, the simulation results for 
hydrogen adsorption in carbon adsorbents do not allow 
to make an unambiguous conclusions about prospects 
of their application.  
The hydrogen adsorption on different highly 
developed surfaces of activated carbons has been 
measured at different temperature and pressure [8], 
and the slit-pore model of some width H  is usually 
used. Usually models of adsorption in pores are based 
on Dubinin-Radushkevich and Dubinin-Astakhov 
approaches [9, 10], the Langmuir isotherm, and a more 
recent vacancy solution theory formulation [11]. Among 
the molecular modeling, the density functional theory 
[12, 13], and molecular simulation techniques 
[7, 14, 15] are of also promising. 
Density functional theory (DFT) may be regarded as 
a modern powerful method for the investigation of vapor-
liquid interfaces, adsorption in pores, and calculations of 
pore size distributions from experimental isotherms [16]. 
However, a detailed comparison of DFT results with 
experiment data is not straightforward. Structural and 
energetic heterogeneity of pores strongly influences on 
the adsorption in real materials [17, 18]. The ways of 
measurements are often different and, therefore, the 
experimental results, as a rule, contradicts to each other 
[19].  
In frames of the slit-like pore model, the formation 
of micropores in carbon adsorbents is considered as a 
process of thermochemical elimination of atoms from 
hexagonal planes in carbon crystallites when being 
activated by water vapors [20]. In our calculations we 
have used the model of the ideal slit-like pore, for 
which the distance between the surfaces corresponds to 
3-5 removed layers of graphene. The neighboring 
micropores are separated with a single carbon 
monolayer. We assume that the distance between 
hexagonal layers in graphite is equal to 0.335 nm and 
the length of the hexagons is 0.142 nm. Adsorbate 
molecule, located in the pore undergoes adsorptive 
forces of two planes (below referred to as upper and 
lower). The influence of the side walls is much smaller 
and, respectively, may be neglected [21]. The potential 
of the interaction between a hydrogen molecule and the 
carbon atom on the graphite wall may be presented as: 
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where s  is the wall surface density, i.e. the number of 
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atoms per unit area, sf  and sf  are the parameters of 
the wall-fluid potential. The wall-fluid parameters sf  
and sf  may be estimated using the Lorentz-Berthelot 
mixing rules   2sf s f    , sf s f   and values of 
  and  parameters for solid (subscript s ) and fluid 
(subscript f ). The reduced surface density of atoms in 
the walls of graphite may be evaluated as follows 
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The total potential of the pore walls 
 
      sf sfU z U z U H z   , (3) 
 
is equal to the sum of two terms corresponding to 
two walls located at 0z   and z H  respectively ( z  – 
axe is normal to the pore walls).  
The main problem of DFT is constructing characteris-
tic functions (the Helmholtz energy  F   r  and the 
grand potential     r ) as the density functionals [16]: 
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where  U r  is the external potential of the pore walls, 
  is the chemical potential. The Helmholtz energy was 
written here as the ideal-gas term, and the excess term 
can be decomposed in the hard-sphere (subscript hs) 
and attractive (subscript  att) terms: 
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In turn, the excess Helmholtz energy due to the 
hard sphere repulsion  hsF   r  may be presented 
using the modified fundamental measure theory 
(MFMT) [24]: 
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In (7) the reduced excess energy density hs  is pre-
sented as a function of six weighted densi-
ties      ( ) 3iin d    r r r r r . The attractive part of 
the excess Helmholtz energy can be written in frames 
of the mean-field approximation 
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In Eq. (8) attu  is the long-range attractive part of LJ 
potential represented according WCA potential model 
[25]. The minimization of the grand potential with re-
spect to the density profiles yields the following Euler-
Lagrange equation: 
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Below we will use the reduced local densi-
ty 3 6fd    – where fd  is the hard sphere diameter 
of the hydrogen molecule witch can be expressed 
though f  [26]: 
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Knowing the density profile  z  one can found the 
reduced absolute adsorption 
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in the pore in question. Below two commonly used vari-
ables: the adsorption of hydrogen 
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in mmol/g and the gravimetric density of 2H (%) 
  100% 1 1 fwt aM   are calculated. Here sM  and 
fM  are molecular masses of graphite and hydrogen 
respectively, fm  is the total mass of hydrogen in the 
pore, sm  is the mass of the pore interpreted as the total 
mass of two walls. 
We have calculated the density profiles correspond-
ing to different values of the wall parameters in a wide 
range of the wall surface density sn  (from 2.0 to 6.2). It 
is noteworthy that an intermediate value 4.4sn   cor-
responds to real porous graphite adsorbents [20]. The 
profiles in question, corresponding to the pore width 
6 fH d  are presented in Fig. 1a. One can see that the 
wall density variation affects drastically on the profile 
form. Really, for 2.0sn   the density profiles corre-
sponds to profiles of two single walls of the same sur-
face density. The force fields have been overlapped for 
2.3sn  . This results in the growth of the adsorbate 
density in the central area of the pore and the for-
mation of a weak central maximum. At the surface 
density 2.5sn   in the central plateau seems to be 
formed. The further growth of the wall density yields 
two weak central maxima. It is remarkable that this 
effect begins to be developed just for the value of the 
surface wall density corresponding to the real porous 
graphite material. At higher values of the wall density 
all the maxima in question are growing. An increasing 
of the pore width results in a diminishing and gradual 
disappearance of the central maximum (Fig. 1b).  
Fig. 2 presents subcritical adsorbate density profiles 
corresponding to the pore width 8 fH d  and different 
values of the vapor pressure satp p . One can see that 
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at low pressures ( 0.3satp p  ) the pressure variation 
does not influence significantly on the form of the den-
sity profiles. At high pressures ( 0.6satp p  ) the densi-
ty in the central part of the pore corresponds to a liq-
uid-like state. Besides it is worth to mention that for 
this value of the pore width and high vapor pressure 
one can observe 8 maxima of the density profile.  
In view of experimental results [20], the slit-like 
pore model investigated in this work is the most ade-
quate to the adsorption of hydrogen in real porous 
graphites. We have calculated the density profiles for 
hydrogen adsorbed in pores of different widths. Corre-
sponding averaged results are presented in Table 1. 
The pore width 1.36 nm (Fig. 3a), corresponds to 4 
burnt graphene monolayers. The results presented in 
this figure were obtained for subcritical temperature 
20.38T K . One can observe two pronounced maxima 
near the pore walls and two weak maxima at the center 
of the pore. In the pore center itself a minimum is 
formed. 
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Fig. 1 – Reduced density profiles of Lennard-Jones fluid in a slit-like pore at temperature 0.75 cT T , 
0.9, 1.2, 0.25s f s f satp p       and different densities of adsorbate: (a) pore width 6 fH d , (b) pore width 8 fH d  
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Fig. 2 – Reduced density profiles of Lennard-Jones fluid in a slit-like pore at temperature 0.75 cT T , pore width 8 fH d , 
0.9, 1.2, 4.2s f s f sn      , and different pressures 
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Fig. 3 – Reduced density profiles of hydrogen in a slitlike pore at temperature 77T K , pressure 20p  MPa: (a) pore width 
1.36H   nm, * 45.75, 8.38wt   , (b) pore width 1.7H   nm, * 57.97, 10.39wt    
a b 
a b 
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Table 1 – The adsorption of hydrogen in a modeling slit-like pore, accordingto the Dubinin theory of the volume pore filling and DFT 
 
 20.38 K, 20 kPa 77 K, 20 MPa 200 K, 20 MPa 
[1] Present 
paper 
[1] Present 
paper 
[1] Present 
paper 
Adsorption, mmol/g 56.64 62.73 53.5 51.86 46.6 27.68 
Gravimetric density in H2(%) 11.3 11.3 10.7 9.39 9.3 5.25 
 
Following to [20] we have calculated density profiles 
for a supercritical temperature 77T  K and a high 
enough pressure 20p  MPa of the gaseous hydrogen. 
Fig. 3 presents the results on the density profiles in 
slit-like pores, corresponding to 4 (Fig. 3a) and 5 
(Fig. 3b) deleted graphene monolayer, respectively. One 
can see that for these pore widths the density profiles 
seem to be more similar than the profiles presented in 
Fig. 3. In the case under consideration we have a weak 
central minimum (Fig. 3a) or a plateau (Fig. 3b). For 
the chosen values of H  the calculation results for *  
and wt  presented in Table 1 are in very good agree-
ment with the results presented in [20]. 
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Fig. 4 – Gravimetric density of hydrogen on 60C  (a), 240C  (b) 
и 540C  (c) при T  77К. Crosses in the Figure correspond to 
data [29] 
 
For very high (room) temperatures (particularly for 
200T  K) our calculation results are about twice 
underestimated in comparison with the results of paper 
[20]. As was mentioned above, the data [20] are 
semiempirical, i.e. they were obtained combining 
standard experimental data for benzene with the 
Dubinin-Radushkevich phenomenolo-gical theory. As 
for high temperatures the quantum effects and the 
effects of non-ideality should be less pronounced, the 
data obtained in [20] seem to be more reliable.  
Recently we applied the DFT-method to calculate 
the adsorption on outer and inner sides of 2D spherical 
adsorbents. Such a modeling system is adequate to 
fullerene molecules. According to Fig. 3, fullerene 
molecules demostrate approximately the same 
adsorption capacity as the conventional carbon 
adsorption. 
So, the results of our calculations carried out within 
the DFT approach show that the adsorption of 
hydrogen in carbon adsorbents should be of order of 
10 weight percents in both cases: in conventional 
porous graphite adsorbents and in fullerene materials. 
Separate fullerene molecules may be interpreted as 
simplest models of such materials. From this point of 
view, conventional industrial carbon adsorbents and 
their modifications seem to be more promising for the 
hydrogen storage. This result agrees with the available 
experimental data [27, 28] and the results of paper [20] 
and [29]. In principle the obtained values values of wt 
makes it possible to design an adsorption element for  
the storage of hydrogen as a promising vehicular fuel. 
At the same time, these values of wt are low enough at 
room temperatures. Probably, some high-energy sites of 
primary adsorption on the surface of micropores may be 
used to increase the adsorption of hydrogen. However, 
corresponding calculations are beyond frames of this 
paper. 
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